Computational tools are essential in the drug design process, especially in order to take advantage of the increasing numbers of solved X-ray and NMR protein-ligand structures. Nowadays, molecular docking methods are routinely used for prediction of protein-ligand interactions and to aid in selecting potent molecules as a part of virtual screening of large databases. The improvements and advances in computational capacity in the last decade have allowed for further developments in molecular docking algorithms to address more complicated aspects such as protein flexibility. The effects of incorporation of active site water molecules and implicit or explicit solvation of the binding site are other relevant issues to be addressed in the docking procedures. Using the right docking algorithm at the right stage of virtual screening is most important. We report a staged study to address the effects of various aspects of protein flexibility and inclusion of active site water molecules on docking effectiveness to retrieve (and to be able to predict) correct ligand poses and to rank docked ligands in relation to their biological activity, for CHK1, ERK2, LpxC and UPA. We generated multiple conformers for the ligand, and compared different docking algorithms that use a variety of approaches to protein flexibility, including rigid receptor, soft receptor, flexible side chains, induced-fit, and multiple structure algorithms. Docking accuracy varied from 1 to 84%, demonstrating that the choice of method is important.
Introduction
Protein-ligand docking is a powerful tool to study and provide a proper understanding of protein-ligand interactions. Docking is regularly used in different stages of drug design strategies, such as to facilitate design of potentially active leads. 1, 2 Detection of the best ligand poses and proper ranking of several ligands' relative docking propensity are of great importance. Molecular docking, in practice, has two essential requirements 3 : structural data, for candidate ligands and the protein target of interest, and a procedure to estimate proteinligand interaction poses and strengths. 4 The RSCB Protein Data Bank (PDB) repository 5, 6 is the main source of protein target structures for docking studies. The number of structures deposited in the PDB repository has been rapidly increasing for many years. Currently there are > 62,000 PDB entries of protein-ligand complexes, of which > 60,000 were solved by X-ray and > 1700 by NMR methods (other techniques were used to solve the remaining structures). 7 The candidate ligands in docking procedures are generally small molecules. There was a rapid increase in the number of available synthesized chemical libraries after the development of combinatorial chemistry, 8 which increased demand for the development of fast and cheap ways to test interactions with protein targets. The increasing numbers of PDB entries and of chemical database entries, coupled to the strong desire to be able to predict binding modes and binding affinities of ligands has led to a wide acceptance of the routine use of docking methods as a crucial step in virtual screening. 9 Various molecular docking algorithms are available to predict protein-ligand poses and to rank them based on scoring functions implemented in each specific docking approach. 10, 11 Practically, docking software applications require protein/ligand sampling algorithms in order to be able to generate acceptable ligand poses. Ligand sampling algorithms, for ligand pose generation and placement in the active site, are of three types, shape matching, 12, 13 systematic search, 14 and stochastic algorithms. 15 Ligand conformational sampling is an essential step which generates a ligand multiconformer database to be used in ligand sampling. Conformational search is sometimes performed as a separate step before docking 16 or can be implemented as an integrated part of the docking algorithm. 17 Protein sampling refers to the allowed degree of binding site flexibility. Docking algorithms may consider the protein as a rigid body, 12, 18 as a soft body, 14, 19, 20 to have flexible side chains [19] [20] [21] or to have certain flexible domains. [22] [23] [24] Alternatively, protein flexibility can be represented by using multiple conformers or ensembles of rigid protein structures. 25 Various classes of scoring functions are used to estimate the binding affinities of ligand poses. 26 Scoring functions can be classified as force field-based, 27, 28 empirical, 29, 30 knowledge-based, 31, 32 clustering and entropy-based, [33] [34] [35] or consensus scoring methods. [36] [37] [38] Active site water molecules can be considered another aspect of docking target flexibility. 39, 40 Incorporation of active site water molecules in the docking procedure is challenging. Each water molecule needs to be analyzed to check if it is an integral part of the protein or just an artifact of the crystallization procedure.
In this work, which was part of the annual Community Structure-Activity Resource (CSAR) challenge, we studied the ability of different protein-ligand molecular docking algorithms to regenerate the correct ligand binding mode of crystal structure bound ligands, and to rank active ligands with respect to their activity data. The study involved a five-stage docking approach based on the degree of allowed protein flexibility (Figure 1 ).
Methods

Protein/ligand databases collection
Ligand databases for all target proteins in the study were downloaded from CSAR. Initial databases did not include the activity data, whereas the final databases did include it. Protein-bound ligands were included in both the initial and final databases to serve as a check on pose prediction accuracy.
2.1.1. Serine/threonine-protein kinase Chk1 (CHK1)-The structure of CHK1 (also called checkpoint kinase 1) was downloaded from the RCSB PDB repository (PDB ID: 2E9N) 41 and used for primary study. A database of 17 additional PDB structures was downloaded in mol2 format from CSAR 42 and in pdb format from the RCSB PDB (PDB  IDs: 4FSM, 4FSN, 4FSQ, 4FSR, 4FST, 4FSU, 4FSW, 4FSY, 4FSZ, 4FT0, 4GH2, 4FT3,  4FT5, 4FT7, 4FT9, 4FTA, and 4FTC). A database of 47 ligand structures was obtained from CSAR to be used in the primary study. Subsequently a final database of 184 ligands including the previous 47 was obtained from CSAR.
Extracellular signal-regulated kinase 2 (ERK2)-For primary study of ERK2
(also called mitogen-activated kinase 1 or MAPK1), we downloaded 3I5Z.pdb 43 from the RCSB PDB repository. To follow on, we downloaded 12 protein mol2 structures from CSAR and the same ones in pdb format from the RCSB PDB repository (PDB IDs: 4FUX,  4FUY, 4FV0, 4FV1, 4FV2, 4FV3, 4FV4, 4FV5, 4FV6, 4FV7, 4FV8, and 4FV9 ). The initial ligand database contained 39 structures and the final database was extended to include a total of 52 structures.
UDP-3-O-N-acetylglucosamine deacetylase (LpxC) of
Pseudomonas aeruginosa-The PDB structure of LpxC (PDB ID: 3P3E) 44 was downloaded for the primary study. We downloaded 5 other protein structures in mol2 format from CSAR, 4 of which were deposited in pdb format. The PDB structures have been deposited in the RSCB PDB repository (PDB IDs: 4FW3, 4W4, 4FW5, 4FW6, and 4FW7) but are not yet released. The initial ligand database consisted of 16 ligands, whereas the final database was extended to a total of 31 ligands.
2.1.4.
Urokinase-type plasminogen activator (UPA)-We retrieved the pdb structure of UPA (also known simply as urokinase or urokinase plasminogen activator) from the PDB (PDB ID: 1OWE). 45 Seven UPA structures were downloaded from CSAR as mol2 files and from the RSCB PDB repository as pdb files (PDB IDs: 4FU7, 4FU8, 4FU9, 4FUB, 4FUC, 4FUD, and 4FUE). The initial ligand database consisted of 20 structures, but that was extended to 46 structures in the final database.
Protein preparation with Protein Preparation Wizard 46
The PDB protein-ligand structures were processed with the Protein Preparation Wizard in the Schrödinger suite. 47 The protein structure integrity was checked and adjusted, and missing residues and loop segments near the active site were added using Prime. [48] [49] [50] Hydrogen atoms were added after deleting any original ones, followed by adjustment of bond orders for amino acid residues and the ligand. The protonation and tautomeric states of Asp, Glu, Arg, Lys and His were adjusted to match a pH of 7.4. Possible orientations of Asn and Gln residues were generated. Active site water molecules beyond 5.0 Å from the ligand were deleted. Hydrogen bond sampling with adjustment of active site water molecule orientations was performed using PROPKA 51 (propka.ki.ku.dk) at pH 7.4. Water molecules with fewer than two hydrogen bonds to non-waters were deleted. Then, the protein-ligand complex was subjected to geometry refinement using an OPLS2005 force field 52 restrained minimization with convergence of heavy atoms to an RMSD of 0.3 Å.
Ligand preparation with Ligprep 53
Ligands were prepared using Ligprep from the Schrödinger suite. We obtained the initial ligand databases as collections of SMILES (simplified molecular-input line-entry system) strings (which do not contain 3D coordinates). The final ligand databases were in the mol2 format (3D structures). We included all structures without performing pre-docking filtering. We generated a single low energy 3D conformer with acceptable bond lengths and angles for each 2D structure in the initial databases. For the initial and final databases, after 3D structure generation we prepared ligand structures for molecular docking. Ligprep used the OPLS2005 force field and charges in all ligand preparation steps. All possible protomers (protonation states) and ionization states were enumerated for each ligand using Ionizer at a pH of 7.4. Stereoisomers were generated for the five structures with unassigned stereogenic centers, with a limit of 32 stereoisomers considered per ligand. Tautomeric states were generated for chemical groups with possible prototropic tautomerism. Only the lowest energy conformer was kept for each ligand.
Ligand conformational sampling
Ligand conformational sampling was used with the FRED 54 and HYBRID 55 modules of OpenEye. Other molecular docking software applications we used in this study have their own integrated conformational sampling algorithms. We used OMEGA 2.4.6 (OpenEye) 56, 57 as the conformer generator. The SMILES notations of the initial databases and mol2 structures of the final databases were used as input for OMEGA 2.4.6. The conformational search force field was defined as the 94s variant of the Merck Molecular Force Field (MMFF94s). 58 We kept all generated conformers within a 10.0 kcal/mol energy window, except that to eliminate redundant conformers an RMSD cutoff of 0.5 Å was used.
Protein sampling
To address protein flexibility in molecular docking, a large number of degrees of freedom should be considered. We performed a staged study starting from rigid body docking and continuing all the way to fully flexible active site docking.
2.5.1. Docking using rigid receptors-The OEDocking v3.0.0 distribution using the FRED ligand shape fitting algorithm was utilized for receptor rigid body docking. All receptors used in this study were co-crystallized with ligands. The bound ligands were used to specify the active site. A 3D box was generated around each ligand to enclose the active site. Because we do not have any extremely large active site in our study, a negative image potential was created for each active site with disabled inner contour. No constraints were added except for the LpxC target, for which we prepared receptor docking sites with and without a Zn +2 metal constraint. We prepared each receptor with and without active site water molecules. We saved the multiconformer ligand files in OEBinary and therefore there was no need to use the FRED conformer test flag. FRED was used with standard docking precision using 1.0 Å for the ligand translational step size and 1.5 Å for the rotational step size. Because the databases we used are small, we maintained the default value of keeping the 500 top scoring molecules with a maximum of one pose to be saved for each molecule.
2.5.2. Docking using soft receptors-We used Glide 5.8 59 for soft receptor molecular docking. The receptor grid for each target was prepared using the OPLS2005 force field. We specified the area surrounding the co-crystallized ligand as the receptor binding pocket. We excluded all bound ligands from the grid generation, except for Zn +2 in the case of LpxC and active site water molecules when applicable. Softening the potential of the nonpolar parts of the receptor was carried out by scaling the van der Waals radii by a factor of 0.8. Atoms were considered as nonpolar if their absolute partial atomic charge was determined to be ≤ 0.25. The grid center was set to be the centroid of the co-crystallized ligand and the cubic grid had a side length of 10 Å. No constraints were used in any of the receptor grids. Rotations were allowed for the hydroxyl groups in Ser, Thr and Tyr, and the thiol group in Cys residues. After grid preparation, prepared ligand databases were docked into the generated receptor grids using Glide SP docking precision. Flexible ligand sampling was considered in the docking procedure. For the docking runs, a second softening potential was considered. A 0.8 scaling factor was used for van der Waals radii of the ligands' nonpolar atoms with absolute partial atomic charge ≤ 0.15. All poses were subjected to post-docking minimization. We saved the best-docked structure for each ligand, based on the model energy score which combines the energy grid score, the binding affinity, the internal strain energy and the Coulomb-van der Waals interaction energy scores.
2.5.3. Docking using receptors with flexible side chains-We used the proteinligand ant system (PLANTS) 60 to deal with side chain flexibility of amino acid residues. PLANTS uses the artificial ant colony optimization (ACO) algorithm to find the best ligand pose in the binding pocket. ZODIAC 0.65 61 was used to prepare PLANTS input files. All ligands and protein structures were preprocessed by the structure protonation and recognition system (SPORES) 62 to adjust the protonation and tautomeric states, and to assign stereoisomers for non-specified asymmetric centers. The binding site was specified from the co-crystallized ligand coordinates. We used normal ligand sampling search speed with 20 ants and simplex rescoring. We used values for the sigma parameter (σ=1.0) and evaporation rate (ρ=0.5) which have been shown to be sufficient with 20 ants. 63 Planar bond rotations were forced. For clustering, an RMSD of 2 Å and a maximum of 10 clusters were defined. CHEMPLP 64 was specified as the scoring function. All amino acids in the defined binding site were selected to have flexible side chains during docking.
2.5.4. Docking using flexible binding domain for receptors, or induced fit docking (IFD)-Ligands are known often to induce conformational changes in the active site upon binding. We used the Schrödinger induced fit docking (IFD) protocol to represent this. The receptor grid center was specified from the bound ligand, and the cubic grid had a side length of 10 Å. A 2.5 kcal/mol energy window was used for ligand conformational sampling. The scaling factors to soften the potentials of the receptors and ligands were set to 0.5 in both cases. A maximum of 20 poses was saved. All residues within 5.0 Å of ligand poses were refined using the Prime molecular dynamics module to allow for binding domain flexibility. The Schrödinger IFD software allows specification of whole loops to move, but we found that if the key linking residues are flexible then the whole loop can adjust to fold differently without needing to use that option. Glide SP was used for the re-docking step into the top 20 receptor structures generated within 30 kcal/mol of the best structure by the Prime refinement.
Docking using an ensemble of protein structures-Another way to address
protein flexibility is to use multiple or an ensemble of protein structures. OEDocking v3.0.0 with its HYBRID program was used for this. We used the same options as in FRED docking but with multiple structures of each target. All protein structures were treated as rigid.
The Schrödinger suite has the same capability of ensemble docking but with a soft receptor approach. Receptor grids were prepared as described above. The van der Waals scaling factor was specified as 0.8 for receptor nonpolar atoms and a partial charge cutoff of 0.15 was used. Glide SP was used for docking and one pose was saved for each ligand.
Pose prediction of single ligands and pose fitting of native ligands
For more accurate pose fitting and prediction we tried POSIT v.1.0.2 from the OpenEye suite. 65 We prepared the receptors and allowed mild ligand-protein clashes in the generated receptors to account for the average coordinate error expected in PDB structures. We used the combine-receptor option to allow for identifying and subsequent use of pockets that would be unexplored if we used only single PDB files. The merged receptors were used in the FRED docking step as well. We allowed alternate posing of each ligand within 0.5 Å RMSD in each receptor. Mild clashes similar to those used in receptor preparation were allowed during pose prediction. We forced aromatic rings to be planar. The minimum probability to accept poses within 2.0 Å of the native ligand was set to 0.33 with minimum initial probability of 0.05. Receptors that had initial rigid TanimotoCombo < 0.8 66 were rejected. All generated protein-ligand complexes were subjected to a final optimization preserving the interactions associated with atoms involved in the TanimotoCombo score. A cutoff of 10 kcal/mol was used as the maximum strain to accept.
Results and discussion
Ligand recognition by a protein depends on both shape (3D structure) and electrostatic complementarities. Several reports have described the effect of ligand and protein preparation steps on molecular docking efficiency. We used LigPrep, Protein Preparation Wizard and SPORES to adjust the protonation, tautomeric, and stereoisomeric states of protein and ligand databases. Ligand conformational sampling is as important as correct ligand preparation. FRED and HYBRID require multiconformer databases to be prepared separately. Glide modules-Glide docking, Glide ensemble docking and Glide induced-fit docking (IFD)-PLANTS and POSIT each have an integrated conformational search algorithm. Pregeneration of conformers could be more beneficial if we have ligand databases with saturated rings, and non-specified E/Z vinyl, E/Z amide bonds and stereogenic centers, and if the integrated conformational search algorithm has limited options to handle these situations. Molecular docking efficiency is influenced by the correct preparation of the target protein structure. 67 All PDB structures that were used in this study were checked for integrity, especially of the active site region, and any structure which showed gap(s) in the binding site region was rejected. Some reports advocate not to include any geometry refinement step prior to generating the receptor for docking, because this may incorrectly improve the protein-ligand interactions. 68 Protein-ligand complexes were minimized before preparing the receptor grid for use in the Glide modules. This minimization step was not implemented for the other software applications. The active site was defined by the amino acid residues surrounding the bound ligand ( Figure 2 ). Protein conformational changes often take place upon ligand binding, so ignoring protein flexibility during molecular docking may give results that are incorrect. 69 There are several approaches to include protein flexibility in the docking procedure. We tried rigid body docking with FRED, soft receptor docking by softening the potential of receptor nonpolar regions with Glide, docking using receptors with flexible side chains with PLANTS, docking in multiple protein structures with HYBRID and Glide ensemble docking, and IFD. Each technique has its own approximations, advantages and limitations.
As a first step, we aligned the binding sites of the PDB structures of each target to check for conformational flexibility of active site residues. The four targets have different degrees of flexibility. CHK1 showed a high degree of flexibility in the P-loop region (residues [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and for the side chains of Lys38, Glu55, Val68, Lys91, Ser147 and Asp148 (Figure 3) . The P-loop in protein kinases often moves to accommodate ligands with variable sizes, 70 and the hydroxyl, carboxyl and amino side chains of Lys, Glu, Val, and Asp in the active site rotate to allow for making hydrogen bonding and electrostatic interactions with bound ligands. In the case of ERK2, a high degree of flexibility is observed throughout the active site ( Figure  4 ) which allows varied ligands to fit. LpxC showed some flexibility in residues 191-207, His19 and Met62 ( Figure 5 ). The structure is relatively conformationally conserved at the metal binding site, as shown by the minor orientation differences for the histidine residue ( Figure 5B ). In the case of UPA, scattered residues are shown to be flexible around the active site ( Figure 6 ). UPA active site flexibility mainly includes rotation of the side chains of the involved residues, such as His54, Tyr59, His106, Gln208, Ser211 and Arg233, to form hydrogen bonds with bound ligands.
Active site water molecules can be considered another important aspect of target flexibility. Water molecules should be checked carefully to avoid using artifact waters (those that are not essential to the protein structure) in the docking process. Using artifact active site water molecules can have a deleterious effect by providing false energetic stability to the proteinligand complex. The PDB structures of CHK1, ERK2, LpxC and UPA, which were used in the initial docking step, were checked carefully for active site water molecules. CHK1, ERK2, LpxC and UPA have, respectively, 2, 2, 6 and 7 active site water molecules showing at least 2 hydrogen bonds with non-waters (with protein and/or ligand).
The binding site area that is defined by one PDB structure does not necessarily have the same features as the binding site area of another PDB structure of the same protein. To avoid misleading information that can come from relying on a single PDB structure, which would be expected to degrade the docking performance, we compared several protein-ligand cocrystal structures of each target. We explored the binding area of each target (Figure 7 ) to make use of all possible pockets in the rigid docking step. We tried receptor merging to add the advantage of fast rigid docking to the use of an expanded protein conformational space.
The performance variability of docking software applications (Table 1) may be attributed to the specific target at hand, the scoring function, and the ligand and protein conformational sampling approaches. We defined percent accuracy for a particular method as 100 times the correlation coefficient, r 2 , between docking scores and experimental activity data. The CHK1 active site has a high degree of flexibility, with the P-loop residues showing the greatest conformational changes upon ligand binding (induced fit). We expected the flexible docking approaches (Figure 8 ) to perform better in this case; however, the rigid-body docking (Figure 9) showed the best accuracy. Allowing adjustments to the receptor conformation through the soft receptor approach, using flexible side chains or IFD did not show any improvement. Ligand sampling is a key factor in this case. OEDocking used OMEGA ligand conformational sampling as a predocking step that allowed adding more flexibility during conformer generation. In other software, ligand sampling is an internalized feature with limited ability to be manipulated. Protein sampling in the flexible docking approaches could not provide the required flexibility to handle the highly movable active site regions. Also, the conformational space occupied by the binding pocket upon binding with some of the varied ligands is not covered by the available crystal structures. Using multiple protein structures in Glide and OEDocking gave a moderate increase in the docking performance from 4% to 10%, and from 11% to 21%, respectively. The larger improvement in the case of OEDocking is likely because of the predocking ligand sampling and the approach of using an ensemble of structures. In cases like that of CHK1, docking techniques cannot be depended on to play a significant role in the virtual screening process.
The active site of ERK2 contains residues which are involved in forming parts of the protein β-sheets, α-helices and loops (Figure 4 ). PLANTS and IFD both showed that the active site is highly flexible (Figure 10 ). The observed high flexibility of backbone and side chains of the active site residues would be expected to limit the docking efficiency. For this protein target, there were substantial increases in the accuracy when using the flexible techniques. Combining the predocking ligand sampling with the use of an ensemble of structures showed the best accuracy (60%). The conformational space provided by the multiple crystal structures was varied enough to cover the conformational space of the ERK2 active site and hence, to improve the ensemble docking performance.
The active site of LpxC contains Zn +2 , and there is structural evidence that ligands form metal chelates upon binding. Adding a chelate formation as a docking constraint enhanced the overall accuracy of all techniques (Figure 11 ) except for the flexible side chain method, which needs special handling of this metalloenzyme before running docking. PLANTS generated a large number of side chain conformers throughout the active site even though there is supposed to be a more conserved region at the metal binding site (Figure 5 ), explaining why PLANTS performed badly for this target. The IFD approach allowed for domain movements but did not move the metal-binding side chains.
For UPA, the active site showed little flexibility according to the evidence from the available crystal structures. Hence, we anticipated rigid docking methods to perform well; however, they showed the lowest accuracy. The flexible side chain method and IFD ( Figure  12) showed the best performance, providing enough space for ligands to fit. Upon combining predocking conformational sampling with using multiple crystal structures, the results showed a significant increase in performance from 1% to 25%. The conformational flexibility of the active site of UPA is not covered by the available crystal structures and this is the main reason for the low accuracy of the ensemble docking methods.
The overall performance of rigid body docking was increased by using merged receptors over using the single receptor, but that still was not as good as using multiple receptors. The merging method adds more information to the receptor model and provides additional pockets that were unexplored by the original receptor. As we previously described above, active site waters should be manipulated with extreme care. Ligands may interact with real active site water molecules forming hydrogen bonds or may displace active site waters, disrupting an important hydrogen bond network. Artifact water molecules caused by the crystallization technique will falsely appear to improve the energetics of ligand binding and the docking score. The latter scenario is shown to occur in this case. The number of surviving active site water molecules during protein preparation was limited by keeping only waters forming 2 hydrogen bonds with non-waters. When we increased the number of constraints such that waters needed to form 3 or 4 hydrogen bonds with non-waters, none of the proteins had any water molecules in the active site except for LpxC, which showed one water molecule in the active site. Incorporation of active site waters led to a significant decrease in all docking performance.
We checked the performance of the docking applications to regenerate the correct pose of ligands of already solved X-ray co-crystal structures, by performing docking using any ligands for which there were such structures, from the training or test sets. The docking was not done to the ligand's native X-ray crystal structure ("redocking") but rather to a different X-ray structure of the same protein. This docking was done as part of the primary study before the experimental activity data in the CSAR exercise was released. Then comparison was made between the final docked pose and the co-crystallized docked conformation of the same ligand. In order to do this it was necessary to align the two protein structures first (all protein atoms were used in this rigid alignment). To check the performance of regenerating the correct ligand pose, we docked ligands having known protein bound crystal structures into 2E9N (CHK1), 3I5Z (ERK2), 3P3E (LpxC) and 1OWE (UPA). We calculated the RMSD (for all protein atoms only) for each of the PDB structures used in the docking step compared to the original PDB co-crystallized structure of the particular ligand. We referred to this value as the protein RMSD for a particular ligand. Next, the difference for the ligand only between the docking pose and the crystal conformation was measured by calculating an atom-by-atom ligand RMSD. The rigid docking approach we used for this (OEDocking's Fred) out-performed the soft receptor approach (Schrödinger's Glide) in three of the four cases, other than for UPA ( Figure 13 ). In flexible receptor methods, the side chains and protein backbone can move and/or rotate to help a particular ligand to fit more optimally into the binding pocket, but the movement of the protein may result in a deviation of the ligand from the actual binding pose found in the crystal structure. 22 To make sure we were using a common frame for comparing ligands' RMSD in case of flexible techniques, we used the RMSD of protein backbone atoms instead of all atoms as in the previous case ( Figure 13 ). The higher values of protein RMSD in flexible approaches is attributed to the allowed movements of side chain and backbone active site residues that lead to considerable deviations form the original crystal structure. Because of residue movements, the best scoring docked pose in most cases is not the one with the lowest ligand RMSD value. Rigid body docking and soft receptor methods showed better performance than the flexible receptor methods, especially if these approaches were combined with using multiple receptors in the hybrid and ensemble docking algorithms.
We used POSIT for docking of all ligands and compared those for which there is an X-ray co-crystal structure to those for which there is none. The former had docked poses with RMSD < 1.0 Å compared to their crystal structures. Posit predicted for the active ligands with no X-ray co-crystal structure that they had probabilities > 70% to bind within the active site of the proteins. Greater than 90% of the inactive ligands did not show any binding probability.
The scoring functions are another important aspect to address since they play an important role in ligand ranking and pose selection. In OEDocking, the scoring function is used to select the best pose and ligand placement in the active site is based on a shape-fitting algorithm. In Glide and flexible side chain algorithms, ligand posing and ranking are based solely on the scoring function. We found that OEDocking performed the best. Utilization of the newly implemented chemical Gaussian overlay (CGO) function 71 may enhance OEDocking performance even more.
Conclusion
The best docking technique should be chosen after studying in detail the target, candidate ligands and docking method performance. Benchmark analysis should be considered before choosing the technique. Protein flexibility could be considered based on the facts of the case under consideration. The rigid receptor method showed high accuracy for ranking active ligands. It performed better in case of metalloenzymes than in the other cases. Soft receptor methods were comparable to rigid body docking, with better performance in UPA. The flexible side chain method had moderate performance in most cases and performed better in UPA. It gave the worst results in case of the metalloenzyme. It needs special handling of the target before running docking. The induced fit docking (IFD) method showed stable results in all cases. By modifying the softening potential, IFD produced enough flexibility to adjust the p-loop of ERK2, providing a better representation for the docking step and hence a better chance for improved results. Ensemble docking methods showed stable results as well, except for UPA. The number of crystal structures of UPA was not enough to cover the conformational space of the enzyme. Computational expense is an important issue, especially for virtual screening of a large number of candidate ligands. IFD is the most expensive of the techniques, in particular if we use the Glide XP scoring function. Glide ensemble docking would be the most expensive if we included molecular dynamics and MM-GBSA calculations for obtaining more accurate and representative binding free energies. Incorporation of structural water should be considered only after careful analysis. In this work, incorporation of active site waters negatively affected the results of all docking methods and in particular lowered the performance of the IFD and flexible side chain methods.
In general, we may summarize our major findings with the following points:
1. It is better to separately generate the ligand conformers as efficiently as possible and not depend upon the self-generation approach.
2.
For the protein preparation step, it is preferable not to minimize the complex since this will bias the protein-ligand interaction profile and hence will affect the docking results.
3. Careful analysis of active site crystal water molecules is required. Inclusion of water molecules should be considered after studying the hydrogen bonding with non-water residues and after studying the relative abundance of water molecules by analysis of multiple crystal structures.
4.
If the target under consideration has multiple crystal structures with a good coverage of possible active site conformations, the hybrid approach with rigid receptors or the ensemble docking protocol with soft receptors will be preferred due to their accuracy and computational efficiency.
5.
If the target does not have multiple crystal structures and there is prior knowledge, from benchmark studies, of possible movements of the active site residues, IFD and FSC protocols should be considered.
6.
For virtual screening purposes, it is better to consider pose fitting and prediction approaches to rule out structures that do not bind in the same manner as native ligands. Only those compounds which bind in a similar way to that of the native ligands would be used in further steps of virtual screening.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The study protocol starts with ligand and protein sampling, followed by setting up the docking calculations with subsequent scoring, ranking and pose prediction of the docked ligands. Protein sampling accounts for five approaches, rigid receptor, soft receptor, multiple (ensemble) receptors, FSC receptor and IF receptor. Ligand sampling is either precedent to the docking procedure or a part of the specific docking technique. Scoring, ranking and pose prediction are carried out in relation to known active and co-crystallized ligands. The structure of CHK1 (PDB ID: 2E9N, panel A) is displayed as blue cartoon. The most flexible residues have sidechains represented as red lines (inside the yellow box). This flexibility is inferred from aligning the CHK1 active site from multiple PDB structures (panel B). The α-helices, β-sheets and loops in panel B are yellow, blue and green, respectively. The images were generated using PyMol. The binding area of ERK2 as defined by a single PDB structure, 3I5Z, is shown in orange surface mesh (around the ligand) and dark green surface mesh (extended to the protein surface close to the ligand) (left), and the merged area as defined by two PDB structures, 3I5Z and 4FUX, in light green surface mesh surrounding the ligand and extended protein surface from 3I5Z alone (right). The α-helices, β-sheets and loops are red, yellow and white, respectively. The image was generated using VIDA. 73 Figure 8 .
The binding region used in flexible docking to the CHK1 active site. (Left) PLANTS generated multiple orientations for each side chain of the active site residues, each conformation was tried for each ligand and the best scoring conformation was kept (carbon atoms are grey). (Middle) The IFD approach allowed for domain movements (backbones and side chains orientations) upon ligand binding, and the P-loop region was shown to be flexible to allow ligand fitting (carbon atoms are green). (Right) Ensemble docking used multiple PDB structures aligned based on the active site information. Each individual PDB structure was tried for each ligand and the best scoring PDB structure was saved for each ligand separately (carbon atoms are green). In the center and right panel the α-helices, β-sheets and loops are yellow, blue and green, respectively. Figure generated using PyMol. Table 1 Docking algorithm features, computational times and percent accuracies. 
